Type III secretion systems (T3SSs) are used by Gram-negative pathogens to form pores in host membranes and deliver virulence-associated effector proteins inside host cells. In pathogenic Yersinia, the T3SS pore-forming proteins are YopB and YopD. Mammalian cells recognize the Yersinia T3SS, leading to a host response that includes secretion of the inflammatory cytokine interleukin-1␤ (IL-1␤), Toll-like receptor (TLR)-independent expression of the stress-associated transcription factor Egr1 and the inflammatory cytokine tumor necrosis factor alpha (TNF-␣), and host cell death. The known Yersinia T3SS effector proteins are dispensable for eliciting these responses, but YopB is essential. Three models describe how the Yersinia T3SS might trigger inflammation: (i) mammalian cells sense YopBD-mediated pore formation, (ii) innate immune stimuli gain access to the host cytoplasm through the YopBD pore, and/or (iii) the YopB-YopD translocon itself or its membrane insertion is proinflammatory. To test these models, we constructed a Yersinia pseudotuberculosis mutant expressing YopD devoid of its predicted transmembrane domain (YopD ⌬TM ) and lacking the T3SS cargo proteins YopHE-MOJTN. This mutant formed pores in macrophages, but it could not mediate translocation of effector proteins inside host cells. Importantly, this mutant did not elicit rapid host cell death, IL-1␤ secretion, or TLR-independent Egr1 and TNF-␣ expression. These data suggest that YopBD-mediated translocation of unknown T3SS cargo leads to activation of host pathways influencing inflammation, cell death, and response to stress. As the YopD ⌬TM Y. pseudotuberculosis mutant formed somewhat smaller pores with delayed kinetics, an alternative model is that the wild-type YopB-YopD translocon is specifically sensed by host cells.
M
ammalian innate immune cells, such as macrophages, recognize and respond to numerous microbial invaders through a series of membrane-associated and cytoplasmic receptors that sense molecules unique to the microbial world (1) (2) (3) . Based on the localization of these receptors and on the nature of their ligands, innate immune cells can distinguish between pathogenic and nonpathogenic bacteria (4) . Given the trillions of commensal bacteria associated with the human body, the ability to induce an inflammatory response to potentially harmful pathogens while preventing chronic inflammation to beneficial commensal bacteria is of utmost importance to human health.
One clinically important, widespread, and evolutionarily ancient bacterial structure used specifically by Gram-negative pathogens is the type III secretion system (T3SS) (5) . The T3SSs of several bacteria, including pathogenic Yersinia and Pseudomonas aeruginosa, are recognized by macrophages (6) (7) (8) (9) . This recognition leads to activation of the protease caspase-1 and secretion of the proinflammatory cytokine interleukin-1␤ (IL-1␤) (7) (8) (9) as well as Toll-like receptor (TLR)-independent induction of numerous host genes, such as the stress-associated transcription factor Egr1 and the inflammatory cytokine tumor necrosis factor alpha (TNF-␣) (6, 10) . T3SS-stimulated secretion of IL-1␤ has been suggested to be important for neutrophil recruitment and protection against P. aeruginosa in a mouse lung infection model (11) . This suggests that recognition of the T3SS by macrophages is an important component in defense against T3SS-expressing pathogens.
The T3SS resembles a molecular syringe composed of a basal structure that spans the bacterial inner and outer membranes and a needle-like structure that, in Yersinia, protrudes about 60 nm from the bacterial surface (12) . At the tip of the Yersinia T3SS needle is LcrV, which coordinates the pore-forming proteins YopB and YopD in such a way that a pore is formed in the target host cell membrane. The LcrV-YopD-YopB translocon is thought to form a conduit that enables translocation of bacterial effector proteins called Yops directly inside the host cell cytoplasm, although this has never been visualized experimentally. The Yersinia T3SS targets cells of the innate immune system, such as macrophages (13) (14) (15) . Once injected inside innate immune cells, the T3SS effector proteins interfere with uptake and killing of Yersinia and dampen some inflammatory responses (16) . T3SS function is tightly regulated in Yersinia, such that host cell contact is required for robust translation and secretion of Yops. YopN is a T3SS regulatory protein that is secreted through the T3SS needle and serves to prevent premature secretion of effector proteins (17) . In addition, the poreforming protein YopD participates in a complex with the regulatory protein LcrQ, which inhibits translation of effector protein mRNA prior to host cell contact (18) (19) (20) . Once host cell contact is made, derepression of YopN secretory control allows secretion of LcrQ and translation of effector protein mRNA. Through these mechanisms and others, Yersinia prevents robust expression and secretion of effector proteins until they are required.
In addition to translocation of effector proteins, the T3SS of several pathogens has been shown or suggested to deliver flagellin and a T3SS structural protein called the inner rod protein inside host cells (21, 22) . Flagellin and inner rod proteins are directly recognized by cytoplasmic innate immune receptors called Naips, which together with Nlcr4/Ipaf activate caspase-1, stimulating secretion of IL-1␤ in addition to other responses (23, 24) . However, another cytoplasmic innate immune receptor, called Nlrp3/ Nalp3, has been implicated in stimulating activation of caspase-1 and IL-1␤ secretion in response to the T3SS (25) . Nlrp3 responds to a wide variety of stimuli, including bacterial pore-forming toxins, possibly through detection of potassium efflux, although the mechanism remains unclear (3, 25) . The dominant pathway contributing to caspase-1 activation in response to the Yersinia T3SS has been shown to be the Nlrp3 pathway (26) . As mice lacking caspase-1 are more susceptible to Yersinia pseudotuberculosis infection (26) , elucidation of how the Yersinia T3SS triggers caspase-1 activation is critical for our overall understanding of Yersinia virulence. Furthermore, it remains unclear how the Yersinia T3SS triggers TLR-independent expression of host genes, such as Egr1 (6) , as these responses are thought to be independent of caspase-1.
Six known Yersinia T3SS translocated proteins, YopHEMOJT, are dispensable for triggering IL-1␤ secretion and TLR-independent Egr1 and TNF-␣ expression (6) . However, the pore-forming protein YopB is necessary for host cell innate immune recognition of the T3SS (T3SS recognition) (6-8, 27, 28) . This requirement indicates that a YopB-mediated event, YopB membrane insertion, pore formation, and/or translocation of unknown T3SS cargo, results in T3SS recognition. Specifically, membrane disruption or potassium efflux through the T3SS pore has been suggested to underlie T3SS-triggered host cell signaling (6, 26, 29) . To understand the critical requirements for T3SS recognition, we sought to determine whether T3SS-mediated pore formation alone was sufficient to trigger host responses in macrophages. We identified a Y. pseudotuberculosis mutant that lacks YopHEMOJTN and expresses an allele of YopD devoid of its transmembrane domain (yopD ⌬TM ). This ⌬yop6 ⌬yopN yopD ⌬TM mutant secreted YopB and formed 1.3-to 3.8-nm pores in macrophages, but it was incapable of translocating T3SS cargo inside host cells. Importantly, the Y. pseudotuberculosis ⌬yop6 ⌬yopN yopD ⌬TM strain did not induce IL-1␤ secretion, rapid host cell death, or TLR-independent expression of Egr1 and TNF-␣. These data show that a translocation-incompetent YopBD pore is insufficent to stimulate a significant immune response. These findings suggest that either a wildtype YopB-YopD translocon or translocation of molecules distinct from YopHEMOJTN activates several macrophage signaling pathways that control inflammatory cytokine production, response to stress, and host cell survival.
MATERIALS AND METHODS
Bacterial growth conditions. Y. pseudotuberculosis was grown in 2ϫ YT (yeast extract-tryptone) at 26°C with shaking overnight. The cultures were back-diluted into low-calcium medium (2ϫ YT plus 20 mM sodium oxalate and 20 mM MgCl 2 ) to an optical density at 600 nm (OD 600 ) of 0.2 and grown for 1.5 h at 26°C with shaking followed by 1.5 h at 37°C with shaking to induce Yop synthesis as previously described (6) .
Bacterial mutants. The bacterial strains used in this study are listed in Table 1 . The Y. pseudotuberculosis strains generated for this study were constructed by splicing by overlap extension PCR. Primers were designed using MacVector and Primer 3 software (http://fokker.wi .mit.edu/primer3/input.htm). Amplified PCR fragments, encoding ϳ200 to 400 bp of homology on either side of the intended mutation, were cloned into a SalI-and NotI-digested pSR47s suicide plasmid (pir-dependent replicon, Kan r , with a sacB gene conferring sucrose sensitivity) (32, 33) . Recombinant plasmids were transformed into Escherichia coli S17-1pir competent cells and later introduced into Y. pseudotuberculosis IP2666 via conjugation. The resulting Kan r and Irgasan-resistant integrants were grown in the absence of antibiotic selection and plated on sucrose-containing media to identify clones that had lost sacB (and by inference, the linked plasmid DNA). Kan s , sucrose-resistant, Congo red-positive colonies were screened by PCR and subsequently sequenced to confirm the presence of the intended mutation. The yopD ⌬TM mutation was constructed using the internal primers described by Olsson et al. (34) along with the external primers 5=-CGGTCACTAGTGCCAGAATTGATC-3= and 5=-TTGGCGTCGAC (37) and were approved by the UC Santa Cruz Institutional Animal Care and Use Committee. C57BL/6 mice were purchased from The Jackson Laboratory. Primary bone marrow-derived macrophages (BMDMs) were prepared as previously described (6) . Immortalized C57BL/6 and MyD88 Ϫ/Ϫ Trif Ϫ/Ϫ BMDMs were obtained from Douglas Golenbock and were grown routinely in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 2 mM L-glutamine at 37°C in 5% CO 2 . Immortalized BMDMs were used for most assays to minimize animal use. However, immortalized C57BL/6 BMDMs secreted minimal IL-1␤ following Y. pseudotuberculosis infection (with or without prior TLR stimulation), so primary BMDMs were used for measurement of the release of IL-1␤ upon Y. pseudotuberculosis infection. However, the overall trends were similar between primary and immortalized BMDMs (W. Adams and V. Auerbuch, unpublished data).
Hemolysis. Red blood cell (RBC) lysis induced by Y. pseudotuberculosis was measured as previously described, with some alterations (38) . Y. pseudotuberculosis low-calcium-medium cultures (see "Bacterial growth conditions" above) were spun down and resuspended at 2 ϫ 10 9 /ml. Sheep red blood cells (sRBC; Innovative Research) were washed three times with ice-cold phosphate-buffered saline (PBS) and resuspended in low-calcium medium at 2 ϫ 10 9 /ml. Fifty microliters each of sRBC and bacterial suspension was added in triplicate to a 96-well round-bottom plate (BD Falcon), centrifuged at 4,000 rpm for 15 min at room temperature, and incubated at 37°C for 2 h. The supernatant was removed, and the remaining pellet was resuspended in 150 l ice-cold PBS plus 10 g/ml gentamicin or water. The resuspended pellets were incubated overnight at 26°C and centrifuged at 4,000 rpm for 5 min at 4°C. A total of 150 l of the supernatant was transferred to a 96-well clear-bottom white plate (Corning), and absorbance was read at 545 nm on a Victor 3 plate reader (PerkinElmer). Data from three separate wells were averaged for each independent experiment. BCECF release. BCECF [2=,7=-bis-(2-carboxyethyl)-5 (and 6)-carboxyfluorescein] release was performed as previously described, with some alterations (39) . A total of 4 ϫ 10 5 immortalized C57BL/6 BMDMs were plated in each well of a 24-well plate (BD Falcon) in 1 ml DMEM plus 10% FBS and incubated overnight. Twenty minutes prior to infection, BMDMs were washed twice with 1 ml PBS and incubated with 500 l of Hanks' balanced salt solution (HBSS) plus 10 M BCECF-AM (BCECF acetoxymethyl ester derivative) (Invitrogen) for 30 min at 37°C with 5% CO 2 . Cells were washed twice in warmed phenol red-free RPMI. The BCECF-loaded BMDMs were infected at a multiplicity of infection (MOI) of 100, and the infected monolayer was centrifuged at 400 ϫ g at 4°C to initiate contact. The cells were then incubated at 37°C with 5% CO 2 for 1 or 2 h. Alternatively, 0.09% Triton X-100 was added to the cells 45 min prior to the completion of the experiment to achieve 100% BCECF release. The cells were centrifuged for 4 min at 250 ϫ g, 140 l of cell culture supernatant was transferred in triplicate into a 96-well clear-bottom white plate (Corning), and BCECF fluorescence was measured using an excitation wavelength of 485 nm and an emission wavelength of 535 nm with a Victor 3 plate reader (PerkinElmer). The average of three separate BCECF fluorescence measurements was averaged for each independent experiment. The percentage of BCECF release was calculated as [(sample Ϫ uninfected)/(Triton X-100 Ϫ uninfected)] ϫ 100. Osmoprotectants, polyethylene glycol (PEG) 6000 (Spectrum), PEG 3350 (Calbiochem), sucrose (Fischer), or raffinose (Alfa Aesar), were resuspended in warm phenol red-free RPMI and added at a 30 mM final concentration in a total volume of 0.5 ml (40) .
EtBr entry assay. A total of 2 ϫ 10 4 immortalized C57BL/6 BMDMs were plated in each well of a 96-well clear-bottom black plate (Corning) in 100 l DMEM plus 10% FBS and incubated overnight. The cells were infected in triplicate at an MOI of 25 or 100 and centrifuged for 5 min at 750 ϫ g at 4°C to initiate contact. The cells were then incubated at 37°C with 5% CO 2 for 2 h. At the end of the incubation period, the medium was aspirated and replaced with 30 l of PBS containing 25 g/ml ethidium bromide (EtBr) and 12.3 g/ml Hoechst dye (Fischer). The cell monolayer was visualized using an ImageXpress MICRO YopM translocation assay. A total of 2 ϫ 10 4 CHO-K1 cells were plated in each well of a 96-well plate in 100 l of F-12K medium plus 10% FBS and incubated overnight. CHO-K1 cells were infected with Y. pseudotuberculosis ␤-lactamase reporter strains for 2 h at an MOI of 30 and incubated at 37°C with 5% CO 2 . Thirty to 45 min prior to the end of the infection, 20 l of 6ϫ loading solution containing CCF2-AM (Invitrogen) was added to each well, and the plate was covered in foil and incubated at 30°C with 5% CO 2 . At the end of infection, the medium was aspirated and 5 M DRAQ5 in PBS was added to each well. The monolayers were incubated at room temperature for 5 min, washed once with PBS, and visualized using an ImageXpress MICRO automated microscope and MetaXpress analysis software (Molecular Devices). The number of YopM-Bla-positive cells was calculated by dividing the number of blue (CCF2-cleaved) cells by the number of green (total CCF2 ϩ ) cells. Data from two separate wells were averaged for each independent experiment.
Type III secretion assay. Visualization of T3SS cargo secreted in broth culture was performed as previously described (6) . Y. pseudotuberculosis low-calcium-medium cultures were grown for 1.5 h at 26°C and switched to 37°C for another 2 h. Cultures were spun down at 13,200 rpm for 10 min at room temperature. Supernatants were transferred to a new Eppendorf tube. A 10% final concentration of trichloroacetic acid was added, and the mixture was vortexed vigorously. Samples were incubated on ice for 20 min and then spun down at 13,200 rpm for 15 min at 4°C. The pellet was resuspended in final sample buffer (FSB) plus 20% dithiothreitol (DTT). Samples were boiled for 5 min prior to running on a 12.5% SDS-PAGE gel. Sample loading was normalized for number of bacteria per sample.
LDH release assay. A total of 1.25 ϫ 10 6 immortalized C57BL/6 BMDMs were plated in each well of a 6-well plate (BD Falcon) in 2 ml DMEM plus 10% FBS and incubated overnight. The cells were infected at an MOI of 15. Ninety microliters of supernatant was transferred to an Eppendorf tube every hour for 4 h. After the last time point, the cells were freeze-thawed to achieve full lactate dehydrogenase (LDH) release. Supernatants were centrifuged for 1 min at 13,000 rpm, and 50 l was transferred to a 96-well clear-bottom white plate (Corning). LDH release into the supernatant was measured using the CytoTox 96 nonradioactive cytotoxicity assay according to the manufacturer's instructions (Promega). LDH release as a result of freeze-thaw was set at 100% for each sample.
IL-1␤ protein detection. A total of 5 ϫ 10
5 primary C57BL/6 BMDMs were plated in each well of a 24-well plate in 1 ml DMEM plus 10% FBS and incubated overnight. The cells were infected at an MOI of 20, and 900 l of the supernatant was removed at 4 h, as previously described (6) . IL-1␤ protein levels in the supernatant were measured using a mouse Platinum IL-1␤ enzyme-linked immunosorbent assay (ELISA) kit according to the manufacturer's instructions (eBioscience).
qPCR. A total of 1.25 ϫ 10 6 immortalized MyD88
BMDMs were plated in each well of a 6-well plate in 2 ml DMEM plus 10% FBS and incubated overnight. The cells were infected with Y. pseudotuberculosis at an MOI of 15, the supernatant was filtered at 30 min through a 0.22-m-pore filter (Millipore) to remove nonattached and noninternalized bacteria, and total RNA was harvested at 2 h as previously described (6) . Transcript levels of TNF-␣, Egr1, and 18S rRNA were measured as previously described (6) . Data from three separate quantitative PCRs (qPCRs) was averaged for each independent experiment. Statistical analysis. Statistical significance of differences between groups was calculated using one-way analysis of variance (ANOVA), followed by Bonferroni's post hoc test (95% confidence level), using KaleidaGraph (Synergy Software).
RESULTS
The Y. pseudotuberculosis ⌬yop6 ⌬yopN yopD ⌬TM strain forms pores in macrophages. In order to determine the effects of pore formation on the host response, we sought to identify a Y. pseudotuberculosis T3SS mutant that forms pores in host cell membranes but cannot translocate T3SS cargo. Several Y. pseudotuberculosis mutants were previously described to make pores in red blood cells (RBCs) but were incapable of translocating T3SS effector proteins inside nucleated cells (34) . One mutant (⌬yopD TM ) had a small internal in-frame deletion within YopD spanning amino acids 128 to 149, which encompasses the predicted YopD transmembrane (TM) domain and is involved in binding to the YopBD chaperone protein LcrH/SycD (34) . We constructed an identical YopD ⌬TM mutation in the Y. pseudotuberculosis IP2666 strain lacking the six T3SS effector proteins YopHEMOJT (⌬yop6), as we have previously ruled out a role for YopHEMOJT in triggering IL-1␤ secretion and TLR-independent Egr1 and TNF-␣ expression (6) . To verify that this mutant and several control strains can insert pores in RBCs as previously reported, we monitored hemoglobin release from sheep RBCs following infection with Y. pseudotuberculosis (see Materials and Methods) ( It was critical to determine the ability of this mutant to form pores in macrophages, not just RBCs, as macrophages have been shown to recognize and respond to the Yersinia T3SS and are a major target of the Yersinia T3SS in vivo (13) (14) (15) . To test the ability of the Y. pseudotuberculosis ⌬yop6 yopD ⌬TM strain to form pores in macrophages, we analyzed the ability of this strain to allow the release of the small fluorescent dye BCECF from immortalized, murine bone-marrow-derived macrophages (BMDMs) 2 h postinoculation. Neither the ⌬yop6 yopD ⌬TM mutant nor the ⌬yop6 strain (which expresses wild-type YopD) could trigger release of BCECF even at a high multiplicity of infection (data not shown). These data highlight important differences in the sensitivity of pore formation assays and emphasize that requirements for pore formation in RBCs and nucleated cells may differ.
As YopN-deficient Y. enterocolitica was previously shown to induce significantly greater BCECF release than YopN-positive strains, we deleted YopN from the ⌬yop6 and ⌬yop6 yopD ⌬TM mutants (26) . Growth of the ⌬yop6 ⌬yopN and ⌬yop6 ⌬yopN yopD ⌬TM strains was identical under the culture conditions used in the BCECF release assay (data not shown). The Y. pseudotuberculosis ⌬yop6 ⌬yopN strain induced release of 40 to 50% of total intracellular BCECF by 1 or 2 h postinoculation (Fig. 1B) . The Y. pseudotuberculosis ⌬yop6 ⌬yopN yopD ⌬TM strain showed slower BCECF release kinetics but did trigger release of 20 to 25% of total BCECF 2 h postinoculation (Fig. 1B , P ϭ 0.09, n ϭ 2; C, P Ͻ 0.05, n ϭ 5). These data suggest that the Y. pseudotuberculosis ⌬yop6 ⌬yopN yopD ⌬TM mutant is capable of forming pores in macrophages.
In order to confirm this finding, we used a distinct pore for- . *, P Յ 0.05, **, P Յ 0.005, and ***, P Յ 0.0005, as determined by one-way ANOVA followed by Bonferroni's post hoc test, where each indicated group was compared to the appropriate negative and positive controls (⌬yscNU and ⌬yop6 ⌬yopN or ⌬yop6 ⌬yopN yopD ⌬TM strains).
mation assay that measures the entry of ethidium bromide (EtBr) inside infected BMDMs by fluorescence microscopy (41). Two hours postinoculation, the amount of EtBr entry inside BMDMs during infection with the Y. pseudotuberculosis ⌬yop6 ⌬yopN yopD ⌬TM mutant was significantly greater than during infection with the yopB-minus strain and ranged from 24 to 78% of total cells scoring positive (Fig. 2B) . Taken together, these data demonstrate that the Y. pseudotuberculosis ⌬yop6 ⌬yopN yopD ⌬TM strain forms pores in macrophages. The Y. pseudotuberculosis ⌬yop6 ⌬yopN yopD ⌬TM strain expresses an allele of YopD that is predicted to interact with the host membrane very differently from wild-type YopD, yet this strain can form pores in RBCs and macrophages. Likewise, other substantial modifications to the translocon complex of T3SSs have resulted in mutants that retain the capacity for membrane disruption (42) . For example, the Pseudomonas aeruginosa YopB homologue PopB has been shown to disrupt membranes in the absence of the YopD homologue PopD (43) . We asked whether a complete YopD deletion mutant would also form pores in mammalian cells. We constructed a Y. pseudotuberculosis mutant carrying a full, in-frame deletion of YopD (⌬yop6 ⌬yopN ⌬yopD). While the average number of EtBr-stained cells during ⌬yop6 ⌬yopN ⌬yopD strain infection was greater than in the yopB-minus infection, this difference was not statistically significant by one-way ANOVA (see Materials and Methods) and was only significant at an MOI of 25 by the Student t test (Fig. 2B, P ϭ 0.05) . Collectively, these data suggest that a YopB-YopD ⌬TM translocon forms pores on macrophages, but pore formation is either nonexistent or just below the level of detection in the complete absence of YopD.
The Y. pseudotuberculosis ⌬yop6 ⌬yopN yopD ⌬TM strain forms 1.3-to 3.8-nm pores in macrophages. In order to further compare the pores formed by the Y. pseudotuberculosis ⌬yop6 ⌬yopN yopD ⌬TM strain to those formed when wild-type YopD is expressed, we measured pore size using an osmoprotection assay. We infected BMDMs with Y. pseudotuberculosis in the presence of osmoprotectants of different sizes and measured the amount of BCECF release 2 h postinoculation. Only osmoprotectants larger than the diameter of the T3SS pore can prevent osmotic lysis. By using different sizes of osmoprotectants, the approximate diameter of the pore can be determined (44) . The size of the Y. pseudotuberculosis ⌬yop6 ⌬yopN pore was 3.8 to 5 nm, as only PEG 6000 was able to significantly block BCECF release (Fig. 1C) . In contrast, the Y. pseudotuberculosis ⌬yop6 ⌬yopN yopD ⌬TM pore was 1.3 to 3.8 nm, as both PEG 3350 and PEG 6000 significantly blocked BCECF release (Fig. 1C) . These data suggest that a YopBYopD ⌬TM translocon forms smaller pores than a wild-type translocon. However, the pores formed by the ⌬yop6 ⌬yopN yopD ⌬TM mutant are still well within the range previously reported for T3SSs (12, 42) .
The Y. pseudotuberculosis ⌬yop6 ⌬yopN yopD ⌬TM strain cannot translocate ectopically expressed T3SS effector proteins. In order to determine whether the Y. pseudotuberculosis ⌬yop6 ⌬yopN yopD ⌬TM strain is capable of translocating T3SS cargo inside host cells, we measured entry of two different effector proteins inside mammalian cells-YopT and YopM. Translocation of plasmid-encoded YopT inside BMDMs was analyzed by measuring cell rounding, a downstream consequence of the Rho GTPasedisrupting activity of YopT (45) . While Y. pseudotuberculosis encoding wild-type YopB and YopD caused 100% of the BMDMs to round by 11 h postinoculation, the Y. pseudotuberculosis ⌬yop6 ⌬yopN yopD ⌬TM strain did not cause cell rounding over the background ⌬yop6 ⌬yopN yopB level (40%) (data not shown).
To confirm that the Y. pseudotuberculosis ⌬yop6 ⌬yopN yopD ⌬TM strain cannot translocate T3SS cargo inside host cells, we measured translocation of a plasmid-encoded YopM-␤-lactamase (YopM-Bla) reporter protein inside CHO cells using the fluorescent ␤-lactamase substrate CCF2 (36) . While the Y. pseudotuberculosis ⌬yop6 ⌬yopN strain translocated YopM-Bla similarly to wild-type Y. pseudotuberculosis, strains lacking YopB or YopD were incapable of any YopM-Bla translocation (Fig. 3A and  B) . Importantly, the Y. pseudotuberculosis ⌬yop6 ⌬yopN yopD ⌬TM strain was also deficient in YopM-Bla translocation (Fig. 3A and  B) , although it was capable of secreting YopM-Bla, YopD, and YopB into the culture supernatant upon growth under T3SS-inducing conditions (Fig. 3C) . These data show that while the Y. The averages Ϯ SEM from three to five independent experiments are shown. *, P Յ 0.05, and ***, P Յ 0.0005, as determined by one-way ANOVA followed by Bonferroni's post hoc test, where each indicated group was compared to the appropriate negative and positive controls (⌬yop6 ⌬yopN ⌬yopB and ⌬yop6 ⌬yopN strains). uninf, uninfected.
pseudotuberculosis ⌬yop6 ⌬yopN yopD ⌬TM strain can secrete T3SS cargo, it fails to translocate T3SS cargo inside mammalian cells.
The Y. pseudotuberculosis ⌬yop6 ⌬yopN yopD ⌬TM strain does not trigger rapid cell death, IL-1␤ secretion, or TLR-independent Egr1 and TNF-␣ expression in macrophages. Mammalian cells infected with Y. pseudotuberculosis ⌬yopEHJ or Yersinia enterocolitica ⌬yopHEMOPN strains die after several hours of infection, releasing the large cytoplasmic protein lactate dehydrogenase (27, 39) . As BCECF release precedes LDH release, LDH release has been previously ascribed to osmolysis resulting from YopBD-mediated pore formation (39) . In agreement with these previous publications, the Y. pseudotuberculosis ⌬yop6 ⌬yopN strain induced significant LDH release from BMDMs by 2 h postinoculation (Fig. 4A) . However, the Y. pseudotuberculosis ⌬yop6 ⌬yopN yopD ⌬TM and ⌬yop6 ⌬yopN yopD strains did not induce LDH release until 4 h postinoculation, and even at this late time point, the amount of LDH released was lower than that in the ⌬yop6 ⌬yopN infection. These data show that Yersinia expressing a YopB-YopD translocon competent for pore formation but not translocation cannot induce rapid cell death (i.e., prior to 4 h postinoculation). We propose that the rapid cell death induced by the ⌬yop6 ⌬yopN strain may be triggered by translocation of unknown innate immune stimuli inside host cells.
The T3SSs of a number of pathogens, including Yersinia, have been shown to induce activation of the inflammatory protease caspase-1, leading to maturation and secretion of the inflammatory cytokine IL-1␤ (25) . To test whether T3SS-mediated pore formation was capable of triggering IL-1␤ secretion, we infected BMDMs with Yersinia and measured the amount of IL-1␤ released into the supernatant 4 h postinoculation. The Y. pseudotuberculosis ⌬yop6 strain induced a low level of IL-1␤ secretion (Fig.  4B) , as previously described (3) . A strain lacking the T3SS cargo protein YopK induced significantly more IL-1␤, which is also consistent with previous data (26) . Importantly, while the translocation-competent ⌬yop6 ⌬yopN strain hyperinduced IL-1␤ secretion to the same level as the yopK-minus strain, the Y. pseudotuberculosis ⌬yop6 ⌬yopN yopD ⌬TM strain did not induce detectable IL-1␤ secretion (Fig. 4B) . These data indicate that T3SS-mediated pore formation in macrophages is insufficient to trigger this host signaling pathway and that potassium efflux alone is not likely to trigger IL-1␤ secretion during infection with Y.
pseudotuberculosis.
Previous work has demonstrated that pore-forming, translocation-competent Y. pseudotuberculosis cells induce Egr1 and TNF-␣ expression in a TLR-independent manner (6). To determine if pore formation alone is sufficient to induce TLR-independent Egr1 expression, we infected MyD88 Ϫ/Ϫ Trif Ϫ/Ϫ immortalized BMDMs, which are TLR deficient, with Yersinia and measured transcription of Egr1 and TNF-␣ 2 h postinoculation. The Y. pseudotuberculosis ⌬yop6 ⌬yopN strain induced a 24-fold increase in Egr1 transcription and a 7-fold increase in TNF-␣ transcription, while infection with the yopB-minus strain did not induce significant Egr1 or TNF-␣ transcription (Fig. 4C and D) . Importantly, the Y. pseudotuberculosis ⌬yop6 ⌬yopN yopD ⌬TM strain also did not induce significant Egr1 expression (Fig. 4C) . While the ⌬yop6 ⌬yopN yopD ⌬TM mutant triggered 2-fold more TNF-␣ expression in macrophages compared to the ⌬yop6 ⌬yopN ⌬yopB strain, this was not statistically significant (Fig. 4D , P ϭ 1). Furthermore, the ⌬yop6 ⌬yopN yopD ⌬TM mutant did not induce more TNF-␣ or Egr1 expression than the yopB-minus strain even at a high multiplicity of infection (MOI of 100) (V. Auerbuch, unpublished results). These data suggest that T3SS-mediated pore formation alone cannot trigger TLR-independent expression of the stress-associated transcription factor Egr1 or the inflammatory cytokine TNF-␣.
DISCUSSION
This study reports on the identification of a Y. pseudotuberculosis ⌬yop6 ⌬yopN yopD ⌬TM mutant capable of forming T3SS-mediated pores in macrophages but lacking the ability to translocate T3SS cargo inside target host cells. Pores inserted into macrophages by the ⌬yop6 ⌬yopN yopD ⌬TM strain formed with delayed kinetics and were smaller in size than wild-type T3SS pores (1.3 to 3.8 nm compared to 3.8 to 5 nm). However, while clear pore formation in macrophages was measured by two independent assays, no macrophage response associated with innate immune recognition of the T3SS was detectable other than delayed cell death. These results suggest that T3SS-mediated pore formation in the absence of translocation is insufficient to trigger T3SS recognition. However, because the ⌬yop6 ⌬yopN yopD ⌬TM strain formed pores that were measurably different than those inserted by a wild-type YopB-YopD translocon, we cannot rule out that the wild-type YopB-YopD translocon is specifically recognized by macrophages. Based on these data, we can revise the possible models for how the Yersinia T3SS might trigger inflammation in macrophages: (i) innate BMDMs were infected with Y. pseudotuberculosis at an MOI of 15. At various times postinoculation, supernatants were analyzed for lactate dehydrogenase (LDH). The amount of LDH released from freeze-thaw lysis of the cell monolayer was set at 100%. Dotted line, uninfected; diamonds, ⌬yop6 ⌬yopN ⌬yopB strain; circles, ⌬yop6 ⌬yopN ⌬yopD strain; closed squares, ⌬yop6 ⌬yopN strain; open squares, ⌬yop6 ⌬yopN yopD ⌬TM strain. The averages Ϯ SEM of four independent experiments are shown. **, P Յ 0.005, and ***, P Յ 0.0005, as determined by one-way ANOVA followed by Bonferroni's post hoc test, where each indicated group was compared to the appropriate negative and positive controls (⌬yop6 ⌬yopN ⌬yopB and ⌬yop6 ⌬yopN strains). (B) Primary C57BL/6 BMDMs were infected with Y. pseudotuberculosis at an MOI of 20 for 4 h, and the amount of IL-1␤ in the supernatant was measured by ELISA. The averages Ϯ SEM of three independent experiments are shown. *, P Յ 0.05, and ***, P Յ 0.0005, as determined by one-way ANOVA followed by Bonferroni's post hoc test, where each indicated group was compared to the appropriate negative and positive controls (uninfected [uninf] and ⌬yop6 or ⌬yop6 ⌬yopN strain). (C and D) Immortalized MyD88 Ϫ/Ϫ Trif Ϫ/Ϫ BMDMs were infected with Y. pseudotuberculosis at an MOI of 10 for 2 h, and the amounts of TNF-␣ and Egr1 mRNA were measured by qPCR and compared to that of the 18S rRNA control. The average Ϯ SEM of the ratio of mRNA to 18S rRNA from four independent experiments is shown. *, P Յ 0.05, as determined by one-way ANOVA followed by Bonferroni's post hoc test (comparing the ⌬yop6 ⌬yopN ⌬yopB, ⌬yop6 ⌬yopN, and ⌬yop6 ⌬yopN yopD ⌬TM strains).
immune stimuli gain access to the host cytoplasm through the YopBD pore, and/or (ii) the wild-type YopB-YopD translocon stimulates an innate immune response. Further experiments identifying Yersinia T3SS cargo distinct from YopHEMOJTNK will refine our understanding of how the T3SS is recognized by mammalian cells.
Y. enterocolitica expressing wild-type YopB and an allele of YopD lacking amino acids 121 to 165, which encompasses the predicted transmembrane domain (TM) (⌬yopD TM ), retained the ability to insert ion-conducting channels into planar lipid bilayers (46) . In contrast, yopB-minus Y. enterocolitica did not display channel activity. These data are consistent with our results showing that Y. pseudotuberculosis expressing YopD ⌬TM allowed both BCECF release and EtBr entry inside macrophages, while yopBminus Yersinia did not ( Fig. 1 and 2) . Matteï et al. recently proposed a so-called three-tiered ring model to describe the putative structure of the LcrV-YopD-YopB translocon complex (42) . As YopD has been shown to bind both LcrV and YopB, Matteï et al. suggested that a YopD homo-oligomeric ring is superficially associated with the host membrane but links the LcrV needle tip with a YopB homo-oligomeric ring stably inserted in the host membrane (42). Olsson et al. (34) showed that the YopD predicted TM domain is not required for inserting pores inside RBCs, but is required to support translocation of T3SS cargo inside nucleated cells. Our study further shows that the YopD predicted TM domain is not required to insert 1.3-to 3.8-nm pores inside macrophages, a pore size that is slightly smaller than wild-type pores, with somewhat delayed kinetics (Fig. 1B and C) . These data suggest that the association of the YopD oligomer with the host membrane is essential for translocation and contributes to pore formation kinetics and size. In contrast, full deletion of YopD led to no statistically significant macrophage pore formation or pore formation that was below the limit of detection (Fig. 1C and 2B ). This suggests that the YopD-YopB interaction may be important for insertion of a YopB oligomer capable of robust pore formation. Further high-resolution imaging studies are needed to test this and other aspects of the three-tiered ring model.
Pyroptosis is a form of caspase-1-dependent, lytic host cell death associated with secretion of inflammatory cytokines, such as IL-1␤ (47) . The ability of Y. pseudotuberculosis to trigger pyroptosis in macrophages is dependent on the T3SS but independent of YopHEMOJT (7). Caspase-1 activation by Yersinia is dependent on both Nlrc4 and Nlrp3 inflammasome components, although Nlrp3 seems to play the more dominant role (26) . Recently, NLRP12 has also been implicated in stimulating IL-1␤ secretion after Y. pestis infection, but the NLPR12 ligand is unknown (29) . Nlrc4 recognition of the Yersinia T3SS is independent of flagellin (7). Instead, recent evidence suggests that a structural component of the Salmonella T3SS, called the PrgJ inner rod protein, is recognized through an Nlrc4-dependent pathway (23, 24) , and the Y. pseudotuberculosis PrgJ homologue, YscI, activates the Nlrc4 inflammasome (E. Kofoede and R. Vance, personal communication). It is much less clear how the Yersinia T3SS activates Nlrp3, which is activated by a broad range of stimuli, including poreforming toxins (3, 25) . Efflux of potassium from host cells through pores has been postulated to be important in Nlrp3 activation (25, (48) (49) (50) . Shin and Cornelis previously correlated the ability of Y. enterocolitica to form pores in host cells with the ability to trigger IL-1␤ secretion (8) . However, the bacterial strains which were able to form pores and trigger IL-1␤ release in their study also had the capacity to translocate T3SS cargo inside host cells (8) , raising the possibility that T3SS-mediated translocation, not pore formation itself, could trigger Nlrp3 activation. Indeed, our study indicates that a Y. pseudotuberculosis strain capable of forming 1.3-to 3.8-nm pores in macrophages, but not of translocating T3SS cargo, did not trigger IL-1␤ secretion or rapid host cell death. These pores should be capable of releasing potassium ions, although we were unable to measure potassium efflux stemming from even wild-type YopBD-mediated pore formation (data not shown). As reported previously (26, 51) , inhibition of potassium efflux by addition of excess extracellular potassium to Y. pseudotuberculosis-infected macrophages blocked IL-1␤ release (W. Adams and V. Auerbuch, unpublished data). Taken together, these data suggest that, while potassium efflux plays a role in T3SS-induced IL-1␤ secretion, the underlying mechanism of Nlrp3 activation may be translocation of unknown T3SS cargo inside host cells. Alternatively, it is possible that a wild-type YopBYopD complex is required to activate Nlrp3.
Y. pseudotuberculosis expressing YopB was previously shown to trigger NF-B and mitogen-activated protein (MAP) kinase activation and IL-8 secretion in HeLa cells, while a YopB mutant with a disruption in one of the two YopB TM domains was defective in inducing this host signaling (27, 28) . A Y. pseudotuberculosis mutant expressing YopD harboring an early frameshift mutation in the middle of the predicted TM domain retained the ability to trigger IL-8 secretion (27) . The authors of these reports suggested that YopB membrane insertion led to activation of the MAP kinase pathway. In the present study, we show that Y. pseudotuberculosis lacking the YopD predicted transmembrane domain, but secreting wild-type YopB, does not trigger TLR-independent Egr1 expression in macrophages (Fig. 4C ). Egr1 expression has been shown to be induced by the p38 MAP kinase pathway in response to cell stress (52, 53) . It is possible that YopB membrane insertion triggers MAP kinase signaling in macrophages as it does in HeLa cells but that this leads to expression of genes distinct from Egr1. However, YopB membrane insertion may not trigger a response in macrophages. Further work analyzing the impact of the T3SS on macrophages versus intestinal epithelial cells, both of which are relevant to the enteropathogenic Yersinia infection cycle, will be important for understanding the impact of the innate immune response to the T3SS on gut inflammation and bacterial virulence.
